Abstract-Synthesis of phosphatidylcholine, the most abundant brain membrane phosphatide, requires three circulating precursors: choline; a pyrimidine (e.g. uridine); and a polyunsaturated fatty acid. Supplementing a choline-containing diet with the uridine source uridine-5=-monophosphate (UMP) or, especially, with UMP plus the omega-3 fatty acid docosahexaenoic acid (given by gavage), produces substantial increases in membrane phosphatide and synaptic protein levels within gerbil brain. We now compare the effects of various polyunsaturated fatty acids, given alone or with UMP, on these synaptic membrane constituents. Gerbils received, daily for 4 weeks, a diet containing choline chloride with or without UMP and/or, by gavage, an omega-3 (docosahexaenoic or eicosapentaenoic acid) or omega-6 (arachidonic acid) fatty acid. Both of the omega-3 fatty acids elevated major brain phosphatide levels (by 18 -28%, and 21-27%) and giving UMP along with them enhanced their effects significantly. Arachidonic acid, given alone or with UMP, was without effect. After UMP plus docosahexaenoic acid treatment, total brain phospholipid levels and those of each individual phosphatide increased significantly in all brain regions examined (cortex, striatum, hippocampus, brain stem, and cerebellum). The increases in brain phosphatides in gerbils receiving an omega-3 (but not omega-6) fatty acid, with or without UMP, were accompanied by parallel elevations in levels of pre-and post-synaptic proteins (syntaxin-3, PSD-95 and synapsin-1) but not in those of a ubiquitous structural protein, ␤-tubulin. Hence administering omega-3 polyunsaturated fatty acids can enhance synaptic membrane levels in gerbils, and may do so in patients with neurodegenerative diseases, especially when given with a uridine source, while the omega-6 polyunsaturated fatty acid arachidonic acid is ineffective. © 2007 IBRO. Published by Elsevier Ltd. All rights reserved.
Brains of patients with Alzheimer's disease contain fewer and smaller synapses (Terry et al., 1991; Selkoe, 2002) , and reduced levels of membrane phosphatides (Nitsch et al., 1992) and synaptic proteins (Coleman et al., 2004) , while levels of phosphatide breakdown products like glycerophosphocholine are increased (Nitsch et al., 1992) . The synthesis of phosphatidylcholine (PC), the most abundant brain phosphatide, via the Kennedy pathway (Kennedy and Weiss, 1956 ) can utilize three precursors obtained from the circulation ( Fig. 1 ): choline; a pyrimidine (e.g. uridine, converted to uridine-5=-triphosphate (UTP) and cytidine-5=-triphosphate (CTP); and a polyunsaturated fatty acid (PUFA), for example the omega-3 fatty acids docosahexaenoic acid (DHA; 22:6n-3) or eicosapentaenoic acid (EPA; 20:5n-3), or the omega-6 fatty acid arachidonic acid (AA; 20:4n-6). Brain levels of choline (Nitsch et al., 1992) , DHA, and AA (Soderberg et al., 1991) are reportedly reduced in Alzheimer's disease, while administration of DHA improved cognitive functions in patients with mild disease (Freund-Levi et al., 2006) .
We previously showed that a single dose of the uridine source uridine-5=-monophosphate (UMP) increases brain uridine, UTP, CTP, and cytidine-5=-diphosphocholine (CDPcholine) levels , suggesting that it also accelerates PC synthesis (Lopez-Coviella et al., 1995) . Moreover, supplementing a choline-containing diet with UMP or DHA, or with both compounds, for 3 or 4 weeks produced substantial increases in membrane phosphatide and synaptic protein levels in gerbil brain . These increases were accompanied by enhanced number of dendritic spines in gerbil brains in vivo (Sakamoto and Wurtman, 2006) .
In this study, we tested the effects on synaptic membrane constituents of administering various PUFAs, alone or in combination with a UMP-supplemented diet. The omega-3 PUFAs DHA or EPA were effective; the omega-6 PUFA AA was not. Administration of DHA plus UMP increased phosphatide levels in all brain regions examined (cortex, striatum, hippocampus, brain stem, and cerebellum).
EXPERIMENTAL PROCEDURES Animals
We used gerbils for our studies, because pyrimidine metabolism in this species more closely resembles that in humans than does pyrimidine metabolism in rats (Traut, 1994; : Plasma levels of uridine are higher than those of cytidine in humans and gerbils, but not rats, both basally and after giving a uridine or cytidine (Wurtman et al., 2000; source. Adult male gerbils (M. unguiculatus) weighing 60 -80 g (4 -6 months old) were exposed to light between 7 AM and 7 PM and given access to food (as described below) and water ad libitum. All experiments were carried out according to the National Institutes of Health Guide for the Care and Use of Laboratory Animals revised 1996. Formal approval to conduct the experiments described was obtained from the Committee on Animal Care at MIT. All efforts were made to minimize the number of animals used and their suffering.
Treatments
Control gerbils consumed a standard choline-containing (0.1%) diet lacking DHA, EPA, or AA but containing the AA and DHA precursors C18:2n6 linoleic acid (LA; 23 mg/g) and C18:3n-3 ␣-linolenic acid (ALA; 1.5 mg/g) ( Table 1) ; experimental groups were given 1) this diet supplemented with UMP (0.5%); 2) the unsupplemented diet plus DHA, EPA, or AA (each 300 mg/kg, by gavage); or 3) both the UMP-supplemented diet and the gavaged DHA, EPA or AA. Animals not receiving PUFAs were gavaged daily with its vehicle, 5% gum arabic solution (referred to as "Vehicle"). DHA was purchased from Nu-Chek Prep, Inc. (Elysian, MN, USA). UMP was kindly provided by Numico Research (Wageningen, Netherlands). Control and UMP-containing diets were prepared by Harlan-Teklad (Madison, WI, USA). Each of the three PUFAs was divided into daily doses; pipetted into lightprotecting glass vials under a nitrogen gas flow intended to diminish their auto-oxidation; and kept at Ϫ80°C until given by gavage. Animals each consumed an average of 5 g of food per day, so that their average intakes of added uridine, choline, and PUFAs were 240, 80, and 300 mg/kg/day, respectively (among those having access to these compounds). None of the groups exhibited significant changes in body weight during the course of the experiment (data not shown). All experiments were carried out in accordance with 1996 Guide for the Care and Use of Laboratory Animals (National Institutes of Health) and Massachusetts Institute of Technology policies.
Treatments were given for 28 days, and on the morning of the 29th day animals were killed under Telazol (80 mg/kg; i.m.) anesthesia by decapitating them using a guillotine. To study the effects of various PUFAs on synaptic membranes, whole brains were quickly removed and divided into halves, each of which was kept on dry ice; subsequently they were homogenized in deionized water, and aliquots of whole homogenates were used for the assays described below. To study the effects of the UMP-supplemented diet plus DHA on phosphatide levels in various brain regions, samples of cortex, hippocampus, striatum, brain stem and cerebellum were removed; placed on dry ice; and then homogenized; aliquots were assayed as described above for whole brain samples. Bloods were placed in a chilled waterbath and centrifuged; plasmas were saved for future assays. Gastric contents were examined, and found in all cases to contain undigested food, indicating that uridine was still being absorbed at the time of kill. Experimental groups consisted of six to eight gerbils, except as noted.
Phospholipid assay
Brain phosphatides were extracted according to the method of Folch et al. (1957) , and measured as described previously (Ulus et al., 1989; Lopez-Coviella et al., 1995) . Briefly, frozen brain hemispheres were weighed and homogenized in 50 volumes of icecold deionized water using a tissue degrader (Polytron PT 10 -35, Kinematica AG, Lucerne, Switzerland); frozen brain regions were homogenized in 100 volumes of ice-cold deionized water with 10 up-and-down strokes, using a Teflon-glass homogenizer (Wheaton, Milville, NJ, USA). One-milliliter aliquots were then mixed with 3 ml of a chloroform plus methanol mixture (2:1 v/v) and vortexed vigorously for 30 s. After cooling for about 1 h on ice, each such mixture was mixed sequentially with 3 ml of the chloroform plus methanol mixture, and 1 ml of ice-cold deionized water; it was then vortexed vigorously and allowed to stand overnight in the cold (18 -20 h). The organic (lower) and aqueous (upper) phases were separated by centrifugation (10 min at 4°C; 1000 g). Aliquots (0.1-0.4 ml) of the lower (organic) phase were dried under vacuum for phospholipid analysis. Residues of 0.1 ml aliquots of the lower phase were assayed for total phospholipid content by measuring phosphorus (Svanborg and Svennerholm, 1961) . Residues of 0.4 ml aliquots of the lower phase were reconstituted in 40 l methanol and subjected to thin-layer chromatography using silica G plates (Adsorbosil Plus-1; Alltech, Lexington, KY, USA), and a solvent system consisting of chloroform/ethanol/triethylamine/water (30:34:30:8) as the mobile phase. Phospholipid standards (purchased from Sigma Chemicals, St. Louis, MO, USA) were used to identify the corresponding bands under UV light after the plates were sprayed with 0.1% diphenylhexatriene in petroleum ether. Bands for individual phos- In rats, plasma cytidine is the major circulating pyrimidine; in gerbils and humans the primary circulating pyrimidine is uridine. Only small amounts of circulating cytidine are converted to brain CTP, since the blood-brain barrier (BBB) high-affinity transporter for pyrimidines (CNT2) has a very low affinity for cytidine; uridine, in contrast, readily enters the brain via CNT2, yielding UTP which can then be converted to CTP by CTP synthase (Cansev, 2006) . CTP then reacts with phosphocholine to form endogenous CDP-choline, which combines with DAG, preferentially species containing PUFAs like DHA, EPA or AA, (Holub, 1978; Morisaki et al., 1983) to form PC. Boxes indicate the compounds that are obtained from the circulation.
pholipid classes (PC, phosphatidylethanolamine (PE), phosphatidylserine (PS) and phosphatidylinositol (PI)) were scraped off the plates and extracted into1 ml of methanol; dried under vacuum; and assayed for phosphorus content (Svanborg and Svennerholm, 1961) . Aliquots of whole brain homogenates were assayed for protein using a bicinchoninic acid reagent (Perkin Elmer, Norwalk, CT, USA), and for DNA by a fluorometric method (Labarca and Paigen, 1980) . Phosphatide levels were calculated as nmol/mg protein.
Western blot analysis
Synaptic proteins were assayed by Western blot as described previously . Briefly, aliquots of brain homogenates were mixed with equal volumes of KFL loading buffer and boiled for 5 min prior to gel electrophoresis. Equal amounts of protein were loaded and separated using SDS-PAGE (4 -20%; Bio-Rad, Hercules, CA, USA). Proteins were then transferred onto polyvinylidene fluoride (PVDF) membranes (Immobilon-P, Millipore, Billerica, MA, USA). The remaining binding sites were blocked with 4% non-fat dry milk (Carnation, Glendale, CA, USA) for 30 min in TBST. Membranes were then rinsed five times in TBST buffer and immersed in TBST solution containing the antibody of interest (rabbit anti-syntaxin-3 [Abcam, Cambridge, MA, USA], mouse anti-PSD-95 [Upstate, Lake Placid, NY, USA], mouse anti-synapsin-1 [Calbiochem, San Diego, CA, USA], and mouse anti-␤-tubulin [Chemicon, Temecula, CA, USA]). Following overnight incubation and five rinses in TBST buffer, blots were incubated for 1 h with the appropriate peroxidase-linked secondary antibody. Blots were then rinsed in TBST buffer five times, and protein-antibody complexes were detected and visualized using the enhanced chemiluminescence system (Amersham Biosciences, Piscataway, NJ, USA) and Kodak X-AR film. Films were digitized using a Supervista S-12 scanner with a transparency adapter (UMAX Technologies, Freemont, CA, USA). Immunoreactive bands were compared densitometrically using the Public Domain NIH Image program available on the internet at http:// rsb.info.NIH.gov/nih-image/. Areas under the absorbance curve were expressed as arbitrary units and normalized as percents of those generated in the same blot using samples from brains of control animals. Membranes were rinsed using a stripping buffer (Pierce, Rockford, IL, USA) and then incubated with ␤-tubulin antibody. ␤-Tubulin was used as the loading control for proteins since its levels were unaffected by treatment with the phosphatide precursors.
Data analysis
Data were expressed as meansϮS.E.M. The effects on brain phospholipid and synaptic protein levels of daily PUFA (e.g. DHA, EPA, or AA) administration were investigated, first in gerbils receiving the control diet, and then in animals receiving the UMPsupplemented diet. Statistical comparisons of the means observed in each treatment group were made using one-way ANOVA followed by Tukey test. Comparisons of the effects of the UMP-supplemented and control diets were made using Student's t-test. The statistical significance of the effects on brain phosphatides of giving the UMP diet, the various gavaged PUFAs, and their interactions was determined using two-way ANOVA followed by Tukey test. P values less than 0.05 were considered significant.
RESULTS

Effects of DHA, EPA or AA alone or in combination with a UMP-supplemented diet on brain phosphatide levels
Daily administration of DHA (300 mg/kg) alone to animals consuming the control diet increased brain PC, PI, PE, and PS levels significantly, by 18%, 20%, 22%, and 28% respectively (Table 2A) . Likewise, administration of EPA to gerbils consuming the control diet increased brain PE, PS, and PI levels significantly, by 21%, 24% and 27%, respectively (brain PC rose by 11%, but this effect did not attain significance [Pϭ0.14]) (Table 2A ). In contrast, AA admin- Table 2 . Effects of various PUFAs, given with a control diet or a UMP-supplemented diet, on gerbil brain phosphatide levels
88Ϯ2** 39Ϯ2** 22Ϯ1** UMP dietϩEPA 407Ϯ7*** 148Ϯ2** ‡ ‡ 91Ϯ1*** 41Ϯ2** ‡ 25Ϯ1*** Groups of gerbils were given a control or a UMP-supplemented diet, and received by gavage AA, DHA, or EPA (each 300 mg/kg; in a vehicle of 5% gum arabic solution) or just its vehicle for 28 days. On the 29th day their brains were harvested and assayed for phosphatides as described in the text. Data are presented as nmol/mg protein, meansϮS.E.M. a Data from gerbils receiving the UMP diet but no PUFA are included in istration failed to affect brain levels of any phosphatide (Table 2A) . Consuming the UMP-supplemented diet alone increased brain PS and PC levels significantly (by 15% and 16%, respectively) compared with those in control gerbils. Among animals receiving both UMP and DHA, brain PC, PE, PS, and PI levels rose significantly by 12%, 26%, 34%, and 38%, respectively (Table 2B) . Similarly, among gerbils receiving both UMP and EPA, brain PC, PE, PS, and PI levels rose significantly by 13%, 30%, 41% and 56%, respectively (Table 2B ). In contrast, giving UMP with AA failed to increase levels of any brain phosphatide above those found in gerbils receiving UMP alone (Table 2B) . Total brain phospholipid levels were also elevated significantly, by 16% and 23%, following treatment with UMP plus DHA, or with UMP plus EPA, respectively (Table 2B) , but not by treatment with UMP plus AA (Table 2B) . Twoway ANOVA revealed a significant effect of dietary UMP or gavaged DHA or EPA on brain PC, PE, PS, and PI levels (all PϽ0.001). Two-way ANOVA also revealed significant interactions between dietary UMP and gavaged DHA or EPA on brain PC, PE, PS, and PI levels (all PϽ0.05).
Essentially similar results were obtained when data were expressed per g DNA, instead of per mg protein (data not shown).
Effects of UMP-supplemented diet and DHA on phosphatide levels in various brain regions
To determine whether the effects of UMP plus an omega-3 fatty acid were present throughout the gerbil brain, we examined phosphatide levels in five specific brain regions: cortex, striatum, hippocampus, brain stem, and cerebellum. Among control animals phosphatide levels (nmol/mg protein) in these brain regions were similar, except for the brain stem, in which total phosphatide levels were 68 -70% higher than in other regions (i.e. 450 nmol/mg protein in brain stem vs. 264 -270 nmol/mg protein in the other regions investigated) (Table 3) . This difference was due mainly to PE, since PE levels in brain stem were about double those in any other region (i.e. 117 nmol/mg protein in brain stem vs. 58 -64 nmol/mg protein in other regions) (Table 3) . PC and PS levels in brain stem were 12-21% and 25% higher than in other regions (Table 3) . Treatment with UMP and DHA increased phosphatide levels significantly in all of the regions examined, by approximately the same proportion, i.e. by 18 -38%, 21-57%, 15-33%, 16 -33%, and 11-33%, in cortex, striatum, hippocampus, brain stem, and cerebellum, respectively (Table 3) .
Effects of DHA, EPA or AA alone or in combination with a UMP-supplemented diet on synaptic protein levels DHA or EPA treatment alone significantly increased brain levels of the post-synaptic density protein PSD-95, by 24% or 28% (Fig. 2a1) . When combined with a UMP-supplemented diet, DHA or EPA increased brain PSD-95 levels by 29% or 33% over those found after UMP-supplementation alone (Fig. 2a2) . AA failed to affect brain PSD-95 levels both when given alone and in combination with the UMP-supplemented diet (Fig. 2a) .
Levels of synapsin-1, a presynaptic vesicular protein, were significantly increased, by 31% or 27% respectively, by giving DHA or EPA treatment alone (Fig. 2b1) . Giving DHA or EPA with UMP increased brain synapsin-1 by 33% or 36% over levels observed in gerbils receiving only UMP, respectively (Fig. 2b2) . AA failed to affect brain synapsin-1 levels when given alone or in combination with a UMPsupplemented diet (Fig. 2b) .
DHA or EPA administration significantly increased brain levels of syntaxin-3, a plasma membrane SNARE Fig. 2 . Effects of AA, DHA or EPA, alone or in combination with a UMP-supplemented diet, on levels of the presynaptic or postsynaptic proteins PSD-95 (a1, a2); synapsin-1 (b1, b2) and syntaxin-3 (c1, c2). CV, control dietϩvehicle; CA, control dietϩAA; CD, control dietϩDHA; CE, control dietϩEPA; UV, UMP-supplemented dietϩvehicle; UA, UMP-supplemented dietϩAA; UD, UMP-supplemented dietϩDHA; UE, UMP-supplemented dietϩEPA. * PϽ0.05; ** PϽ0.01; and *** PϽ0.001 compared with CV, and a PϽ0.05 compared with CA on the left-sided columns (a1, b1, and c1) using one-way ANOVA. * PϽ0.05; ** PϽ0.01; and *** PϽ0.001 compared with UV, and x PϽ0.05; and y PϽ0.01 compared with UA on the right-sided columns (a2, b2, and c2) using one-way ANOVA.
(soluble N-ethylmaleimide sensitive-factor attachment protein receptor) protein which reportedly mediates the stimulation by PUFAs of neurite outgrowth (Darios and Davletov, 2006) , and exocytosis (Teng et al., 2001) , by 29% or 19%, respectively (Fig. 2c1) ; again, AA was without effect (Fig. 2c1) . In combination with UMP, DHA or EPA increased syntaxin-3 by 26% or 15% compared with the effects of UMP alone (Fig. 2c2) , and again, syntaxin-3 levels were unaffected by treatment with AA in combination with UMP (Fig. 2c) . Giving the UMP-supplemented diet alone elevated brain PSD-95, synapsin-1 and syntaxin-3 levels by 8 -11% compared with those observed after consumption of the control diet; however these increases were not statistically significant (data not shown).
None of the PUFA changed brain levels of the structural protein, ␤-tubulin, whether given alone or in combination with UMP. Hence, ␤-tubulin was used as the loading control for assays of synaptic proteins by Western blot (Fig. 2d) .
DISCUSSION
These data show that administration of the omega-3 PUFAs DHA or EPA to gerbils consuming a standard, choline-containing diet can increase brain membrane phosphatide levels, and that, in contrast, the omega-6 PUFA AA is without effect (Table 2A) . A UMP-supplemented diet alone also increases brain PC and PS levels, and, when administered in combination with a PUFA, amplifies the effects of DHA or EPA, but does not cause AA to become effective (Table 2B ). In all cases the changes in brain phosphatide levels are associated with parallel increases in levels of such pre-and post-synaptic proteins as synapsin-1, syntaxin-3 and PSD-95 (Fig. 2) , but not in a ubiquitous structural protein, ␤-tubulin (Fig. 2d ). As shown in other studies, DHA but not AA also increases hippocampal dendritic spines (Sakamoto and Wurtman, 2006) . Synthesis of brain PC, the most abundant membrane phosphatide, via the predominant Kennedy pathway (Kennedy and Weiss, 1956 ) utilizes three circulating compounds; choline, a pyrimidine (e.g. uridine) and a PUFA (Fig. 1) . Circulating choline is transported into the brain's extracellular fluid (ECF) principally via a facilitated bloodbrain barrier diffusion process catalyzed by a sodiumindependent, hemicholinium-3-sensitive, transport protein (Cornford et al., 1978 ). Choline's flux can be bidirectional; net flux into brain occurs when plasma levels (normally 7-10 M in the fasting state and up to 30 M after meals [Cohen and Wurtman, 1976] ) are above 15 M (Klein et al., 1990) . Once in the brain's ECF, choline can be taken up into all brain cells by an unsaturated low-affinity transport protein (K m ϭ30 -100 M), or into cholinergic nerve terminals by a high-affinity uptake protein (K m ϭ0.1-10 M) (Haga and Noda, 1973; Yamamura and Snyder, 1973; Blusztajn and Wurtman, 1983) .
The principal mechanism by which circulating uridine is taken up into the brain utilizes the CNT2 transporter (reviewed in Cansev, 2006) located at the BBB (Li et al., 2001) ; small amounts (Spector, 1985) also enter via the equilibrative transport proteins ENT1 and ENT2, and the concentrative transporter CNT3, located at the CP epithelium (Redzic et al., 2005) . Once in the brain's extracellular space uridine is taken up into brain cells via equilibrative and concentrative nucleoside transport proteins (Redzic et al., 2005) .
Although the processes by which circulating PUFAs cross the BBB and, subsequently, enter brain cells await full characterization, they are thought to include both simple diffusion (also termed "flip-flop"; Kamp et al., 1993) and protein-mediated transport (Abumrad et al., 1984) ; one such transport protein (B-FATP) (Chmurzynska, 2006) has been cloned (Shimizu et al., 1997) . DHA, EPA and AA are then transported from the brain's ECF into cells, and can be activated to their corresponding CoA species (e.g. docosahexaenoyl-CoA; eicosapentaenoyl-CoA; arachidonoylCoA) and acylated to the sn-2 position of diacylglycerol (DAG) (reviewed in Robinson et al., 1992) to form DAG species rich in each of the PUFAs (Bazan, 1990; Thies et al., 1994) . The acylation of DHA is catalyzed by a specific acyl-CoA synthetase, Acsl6 (Marszalek et al., 2005) with a low affinity for DHA (K m ϭ26 M; Reddy et al., 1984) relative to usual brain DHA levels (1.3-1.5 M; Contreras et al., 2000) , hence treatments that raise blood DHA levels rapidly increase its uptake into, and retention by brain cells.
Each step in the incorporation of choline, uridine, or DHA into brain phosphatides is catalyzed by a relatively low-affinity enzyme; this characteristic allows the administration of each precursor to affect the rate of phosphatide synthesis. Choline kinase (CK), which phosphorylates choline to form phosphocholine, has a K m for choline of 2.6 mM (Spanner and Ansell, 1979) , which is substantially higher than usual brain choline concentrations (35-100 M; Cohen and Wurtman, 1976) ; hence choline administration increases brain phosphocholine levels in rats (Millington and Wurtman, 1982) and humans (Babb et al., 2004) . Similarly, uridine-cytidine kinase (UCK), which phosphorylates uridine to form UTP (Canellakis, 1957 ) has a K m of 270 M (Orengo, 1969 ) while brain uridine levels are approximately 20 -25 M , and the CTP synthase which converts UTP to CTP (Lieberman, 1956 ) has a K m for UTP of 600 M (Kizaki et al., 1980) while brain UTP levels are 250 -300 M . Finally, the K m 's of CTP:phosphocholine cytidylyltransferase (CT), which combines CTP and phosphocholine to form CDP-choline, for these substrates are 1-1.3 mM and 0.30 -0.31 mM (Mages et al., 1988; Ross et al., 1997) , respectively, whereas their brain levels are only 70 -110 M (Mandel and Edel-Harth, 1966; Abe et al., 1987; and 0.32-0.69 mM (Millington and Wurtman, 1982; Nitsch et al., 1992; Klein et al., 1993) , respectively. Hence this enzyme also is unsaturated with both of its substrates. Providing neurons with choline and uridine increases its saturation, thus producing substantial increases in brain CDP-choline synthesis and levels .
The enzyme cholinephosphotransferase (CPT), which catalyzes the combination of CDP-choline with DAG ( Fig. 1) , also exhibits low affinities for its substrates (K m ϭ200 M and K m ϭ150 M) respectively (Cornell, 1992) , relative to brain levels of these compounds (ϳ10 M and ϳ75 M [Abe et al., 1987] ). Unsaturation with their substrates apparently characterizes the Kennedy cycle enzymes throughout the brain, inasmuch as supplementation with UMP, choline, and DHA was found to increase phosphatide levels in all of the brain regions examined (Table 3 ). The affinities of CPT for DAG and CDP-choline are decreased if the DAG contains a PUFA; this, in turn, would decrease CPT's substrate saturation (Mantel et al., 1993) and allow DAGs rich in PUFAs to be preferentially utilized for phosphatide synthesis, as has been shown to be the case (Holub, 1978; Morisaki et al., 1983) . That supplementation with uridine and/or the omega-3 PUFA DHA increases brain phosphatide levels is confirmed in the present study which also shows that EPA, another omega-3 PUFA, shares this effect. In contrast the omega-6 PUFA AA, a known constituent of brain phosphatides, failed to do likewise ( Table 2) .
The control diet contained no DHA, EPA or AA (Table 1) , however it did contain the AA precursor LA and the DHA precursor ALA, hence it is possible that DHA or AA formed in vivo from these precursors might have contributed significantly to the total dosages received by the experimental groups. LA and ALA are, respectively, converted to AA and DHA, principally in the liver (Marangoni et al., 1992) but also in brain astrocytes (Moore et al., 1991) . Animals receiving exogenous LA for 4 days (4 g/kg; Sinclair and Collins, 1970) or 3 months (1 g/kg; Marangoni et al., 1992) or, as corn oil, for 14 days (150 mg/kg; Jenkins and Kramer, 1990) exhibited no increases in plasma AA, even though plasma LA levels were more than doubled compared with those in control rats. Moreover, in a recent study in which healthy men received low or high levels of LA for 4-week periods, plasma AA levels exhibited no changes, and those of EPA fell, possibly because of inhibition by LA of the conversion of ALA to EPA (Liou et al., 2007) . LA and ALA are converted to AA or DHA, by astrocytic but not neuronal cultures (Moore et al., 1991) . The precursors can also be converted to AA and EPA by cultured brain endothelium, and released into the culture medium (Moore et al., 1990) . Moreover, giving [1-
14 C]LA (18:2n-6) intracranially caused accumulation of labeled AA in brain, raising the possibility that some of this conversion occurred in brain (Green and Yavin, 1993) . Administration of LA (approximately 300 mg/kg) elevated brain AA levels by about 15% (Mohrhauer and Holman, 1963) , however this required that it be given by gavage, which probably causes much greater increases in plasma LA levels than those following its consumption in a chow diet, and probably reflects AA synthesis in the liver. When rats received isotopically-labeled LA orally, 0.06% of the administered dose was present in brain after 22 h as AA; in contrast, among animals receiving oral AA, approximately 30 times as much was present in brain as unchanged AA (Hassam and Crawford, 1976) .
It is theoretically possible that the AA formed in the livers and brains of our gerbils resulting from the daily consumption of approximately 1640 mg/kg LA might have provided their brains with sufficient AA to saturate brain enzymes that convert AA to phosphatides, causing the animals not to respond to the gavaged AA (300 mg/kg). However, this seems highly unlikely since basal brain AA levels (2.5-3.5 M Rabin et al., 1997] ) are an order of magnitude below the concentrations that would be needed even to half-saturate arachidonoylCoA synthetase (K m for AA: 36 M [Reddy and Bazan, 1983] ), the enzyme that acylates AA leading to formation of AA-containing DAG, and then to phosphatides. Moreover, oral administration of LA in daily doses up to 4 g/kg did not significantly increase plasma AA concentrations (Sinclair and Collins, 1970; Jenkins and Kramer, 1990) , and, AA levels of brain phospholipids can be significantly increased in animals already consuming about 3680 mg/kg daily LA if they are supplemented with AA (about 920 mg/kg over a 24-h period [Ward et al., 1998] ). Hence, the LA normally present in rodent chow probably will not give rise to sufficient brain AA to inhibit possible effects of gavaged AA on brain phosphatide levels.
Confirming prior studies on DHA , we found that the increases in membrane phosphatide levels following EPA or DHA administration were accompanied by increased levels of specific synaptic proteins (Fig. 2) , including synapsin-1, a presynaptic vesicular protein (Ferreira and Rapoport, 2002) ; PSD-95, the postsynaptic density protein (Fujita and Kurachi, 2000) , which is known to be involved in maturation of excitatory synapses (El-Husseini et al., 2000) ; and syntaxin-3, a protein in plasma membranes (Fig. 2) . In contrast, levels of the ubiquitous structural protein ␤-tubulin were unaffected by any of the treatments (Fig. 2d) . Our data thus suggest that the omega-3 PUFAs specifically but not necessarily exclusively increase the quantities of synaptic membranes in brain. This hypothesis is supported by the observation that DHA supplementation increases the number of dendritic spines in hippocampal neurons (Sakamoto and Wurtman, 2006) , particularly when animals also receive UMP. The increase in synaptic proteins could reflect decreases in their metabolism, perhaps resulting from protection against enzymatic degradation conferred by the increased amounts of membrane phosphatide, or from increases in their synthesis, perhaps mediated by activation of a growth-related receptor by a precursor or product of one of the administered compounds, or by activation of genes encoding their synthesis (Kothapalli et al., 2007) . UTP formed from uridine activates P2Y receptors, and this activation is necessary in order for the uridine to promote neurite outgrowth from PC12 cells (Pooler et al., 2005) . Similarly, DHA can activate the syntaxin-3 protein (Darios and Davletov, 2006) , and this activation may be required in order for the DHA to promote growth cones in PC12 cells.
In vitro, uridine in concentrations of 50 M or greater, or UTP in concentrations of 10 M, increases the size of neurites (Chorna et al., 2004; Pooler et al., 2005) generated by NGF-differentiated PC12 cells (Araki and Wurtman, 1997 ). The uridine effect, which is associated with accelerated phosphatide synthesis (Richardson et al., 2003) and increased levels of the neurofilament proteins NF-M and NF-70 (Pooler et al., 2005) , is blocked by drugs like suramin, reactive blue 2 and PPADS, which inhibit P2Y receptors (P2Y2, P2Y4 and P2Y6) involved in neuronal differentiation (Arthur et al., 2005; Cavaliere et al., 2005) . Likewise, omega-3 and omega-6 PUFAs promote cell membrane expansion and the genesis of neuronal growth cones by binding to syntaxin-3 (Darios and Davletov, 2006) , a plasma membrane SNARE protein that is involved in exocytosis (Teng et al., 2001) , and levels of syntaxin-3 are increased in brains of animals given DHA and UMP (Fig. 2) . Direct links between P2Y receptor stimulation or syntaxin-3 activation and the syntheses of special synaptic proteins have not yet been established.
The mechanism that allows DHA and EPA, omega-3 fatty acids, but not AA, an omega-6 fatty acid, to increase the quantity of synaptic membrane is unclear. EPA apparently can be converted to DHA by brain astrocytes (Moore et al., 1991) , hence its effects on brain phosphatides and synaptic proteins could involve mediation by DHA itself. Exogenously administered AA, like DHA, is preferentially incorporated into brain phosphatides (DeGeorge et al., 1991; Sarda et al., 1991) , as well as into other lipids, e.g. the plasmalogens (Farooqui and Horrocks, 2001; Nagan and Zoeller, 2001) and AA also shares with DHA the ability to activate syntaxin-3 (Darios and Davletov, 2006) . Mechanisms underlying the differential effects of omega-3 and omega-6 PUFAs on membrane synthesis might include, among others, different efficiencies in their uptakes into brain or acylation; different affinities for enzymes that control their incorporation into DAG and phosphatides; differences in the rates at which the PUFAs are removed from phosphatides by deacylation; the differential activation of genes encoding proteins needed for membrane synthesis (Kothapalli et al., 2007) ; or the tendency of AA to be incorporated into phospholipids by the acylation of 1-acyl-2-lyso-sn-glycerophospholipids, not via the Kennedy cycle (Lands et al., 1982) .
DHA and AA are major components of brain membrane phospholipids (O'Brien and Sampson, 1965) . While AA is widespread through the brain and is abundant in PI and PC, DHA is concentrated in synaptic regions of gray matter (Breckenridge et al., 1972) and is especially abundant in PE and PS (Svennerholm, 1968) . In contrast, EPA is found only in trace amounts in brain phosphatides, mostly in PI (Hicks et al., 2006) . No significant differences have been described between the proportions of ingested omega-3 and omega-6 PUFAs that enter the bloodstream (Carlier et al., 1991; Bezard et al., 1994) . Moreover, the rates at which radioactively-labeled DHA and AA are taken up into brain and incorporated into phospholipids following systemic injections also are similar (DeGeorge et al., 1991; Rapoport et al., 2001) . [To our knowledge, no study has compared the brain uptake of EPA with that of another PUFA in rodents or humans, however exogenously administered EPA does increase brain EPA levels in vivo (Philbrick et al., 1987) .] On the other hand, the half-lives of the omega-3 PUFAs in the blood (20Ϯ5.2 h for DHA and 67Ϯ14 h for EPA [Pawlosky et al., 2001] ) are substantially higher than that for AA (3.8 s [Zhou et al., 2002] ). Similarly, the half-life of DHA in brain PC (22.4Ϯ2.9 h), but not in PI or PE, is much longer than that of AA (3.79Ϯ0.12 h) (Rapoport, 2005) . Thus, a considerable proportion of AA may be cleared from plasma or oxidized before it is utilized for PC synthesis, or, once incorporated into phosphatides, it may be liberated by hydrolysis mediated by phospholipase A2 (Strokin et al., 2003) , and then oxidized.
Our data suggest that, if a physiological or behavioral effect of DHA is reproduced by EPA, but not by AA, that effect might be mediated by an increase in the levels of synaptic membranes or perhaps synapses. Apparently, no studies have compared the in vivo effects of DHA, EPA and AA on the metabolism of brain membranes or the relative involvement of the three fatty acids in particular brain diseases. Alzheimer's disease is known to be associated with reduced levels of membrane phosphatides (Nitsch et al., 1992) and synaptic proteins (Hatanpaa et al., 1999; Coleman et al., 2004) , and increased levels of phosphatide breakdown products (Nitsch et al., 1992) , but it has not been determined whether phosphatides containing a particular omega-3 or omega-6 fatty acid are particularly vulnerable in this disorder.
CONCLUSION
In conclusion, these data show that administration of DHA or EPA to adult animals, alone or in combination with a UMP-supplemented diet, enhances levels of brain membranes, particularly, those of synaptic regions. AA, however, is without effect. This difference may be significant in formulating fatty acid mixtures for preventing or treating diseases, particularly those, like Alzheimer's disease associated with a reduction in the number of synapses. A small study (174 subjects) on patients with very mild Alzheimer's disease found significant improvement in cognitive functions following the chronic administration of DHA (Freund-Levi et al., 2006) .
